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Abstract 
This work investigated the pH effect on ozonation and carbon-assisted ozonation processes, where methylene blue 
(MB) was employed as model compound. Kinetic study and quantitative description on reaction pathway, i.e. 
molecular ozone attack and hydroxyl radicals (HO ) oxidation, were accomplished to evaluate the effect of pH on 
process control for ozonation. The HO  reaction route for MB decolorization intensified with increasing pH and 
become even comparable to molecular ozonation as pH reached up to 11 ( 14.1 ), and this trend can also be 
reflected by comparative analysis of detected HO  species at different pH. Carbon nanotubes (CNTs) were selected as 
stable carbon material to investigate the pH effect on ozone/carbon systems. The mineralization of MB solution and 
concentration study of HO  both revealed that the performance of CNTs during ozonation depend much on solution 
pH. At basic environments consequently, CNTs began to perform as an effective ozone catalyst accelerating the 
generation of HO  oxidative species, where the formation of HO2- was thought to be the key promotive intermediate. 
© 2013 The Authors. Published by Elsevier B.V. 
Selection and/or peer-review under responsibility of Beijing Institute of Technology. 
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1. Introduction 
Over the last decade, bubbling-induced ozonation or catalytic ozonation has been widely employed in 
lab-scale for water and wastewater treatment [1-3]. This kind of column reactors can be easily installed 
and operated, and the strong back-mixing during reactions favors gas-liquid mass transfer. In addition, it 
is possible to accomplish both color removal and organic reduction in one step with only negligible 
chemical residuals. It may be therefore recommended as a feasible and promising technology for 
environmental water remediation. 
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The ability of molecular ozone attack is very limited (E0(O3/H2O)=+2.07V), and only aromatic 
compounds with nucleophilic postitions or unsaturated aliphatics may be effectively degraded such as 
azo-dyes [4] and polyphenol compounds [5]. Once dissolved into aqueous solution, part of ozone 
molecules are considered to decompose through a series of chain reactions, into highly-oxidative 
hydroxyl radicals HO  (E0(HO /H2O)=+2.80V), allowing the occurrence of advanced oxidation process 
known as AOPs. But the abatement of dissolved organic carbon or mineralization, as an important issue 
for AOPs, can hardly be accomplished by ozonation alone in most cases where a high concentration of 
hydroxyl radicals can not be produced due to the finite solubility of ozone. The combination of ozone 
with activated carbon has been investigated aiming to enhance the efficiency of ozone-based oxidation 
processes, and was found to be an attractive alternative to the treatment of wastewaters [6-8]. However, 
generalization of mechanisms of ozonation or carbon-assisted ozonation on the reaction process is 
presently difficult as it may depend on the many factors, such as carbon material and the nature of the 
organic compound to be oxidized. 
Whatever the complexity affecting the fate of dissolved ozone molecules as previously suggested, 
hydroxyl anions (OH-), has been corroborated to be an active species as an initiator for ozone 
transformation into HO  radicals referring to Staehelin and Hoigné [9]. Since the solution pH is easy to be 
controlled, it is considered of significance to pay attention to the effect of pH (or OH-) on reaction 
kinetics during ozonation and carbon-assisted ozonation. The effect of pH has been reported in some 
previous ozonation studies either by water quality monitoring [10-12] or calculating ozone consumption 
[13], whereas the data is limited for quantitative pathway evaluation and in lack of a direct HO  study. 
Hence the relationship between solution pH and reaction kinetics is not as yet clearly understood. 
In this work, we investigated the effect of pH on ozonation and carbon-assisted ozonation conducted in 
a semi-batch reactor, where carbon nanotubes were employed as carbon material for the high purity and 
stability. The concentration profile of hydroxyl radical (HO ) was tracked using coumarin-trapping 
method [14] during reaction, which was believed to be helpful for data analysis and better understanding 
of experimental phenomenon. Here we choose methylene blue (MB) as the model contaminant for that it 
has extensive pharmacological utilization [15] as phenothiazine derivative, and its light-sensitive nature 
allows the fast detection by UV-Vis method to obtain more time-dependent solution information. 
2. Materials and methods 
2.1. Materials 
Commercial multi-walled carbon nanotubes (purity 97%) were purchased from Shenzhen Nanotech 
Port. Co. Ltd. (Shenzhen, China). To remove organic/inorganic impurities and amorphous carbon, they 
were heated at 350  for 30 min and purified with hydrochloride (HCl) according to Datsyuk et al. [16]. 
Then they were refluxed by distilled water to neutral, filtered to form a solid bulk with cracks, dried 
overnight at 150 , milled by agate mortar, and stored in a drying bottle labeled as CNTs . Analytical 
grade of methylene blue (C16H18ClN3S 3H2O) and other chemical agents were all supplied by Kermel 
(Tianjin, China). 
2.2. Ozonation and catalytic ozonation procedure 
Ozonation and catalytic ozonation experiments were conducted in semi-batch mode. Gasous ozone 
was produced by ozone generator (5 g h-1) in the flow of dried oxygen, and was continuously bubbled 
into 250 mL MB solution at 1 L min-1 through a gas distribution plate at the bottom of reactor. In CNTs-
assisted ozonation tests, 0.1 g solid sample first added to MB solution, and immediately ozone was 
495 Shuo Zhang et al. /  Procedia Environmental Sciences  18 ( 2013 )  493 – 502 
introduced. Throughout this work, the initial concentration of MB was set at 30 mg L-1 and reaction 
temperature was controlled at 20 1  by a thermostat (Ningbo Scientz Biotechnology Co. Ltd., China). 
The pH was initially adjusted by adding 0.1 M HCl or NaOH solutions, and maintained during reactions 
by means of dropwise regulation. All the experiments were conducted at atmospheric pressure. The liquid 
samples were withdrawn using a syringe at predetermined time intervals, and filtrated through a 0.45 m 
filter membrane for further analysis. 
2.3. Analysis methods 
The concentrations of HO  radicals were measured by the coumarin fluorescence probing technique as 
described by Maezono et al. [14]. The coumarin molecule is capable to trap HO  radical generating 
luminescent 7-hydroxycoumarn. The fluorescent emission spectra were measured at various 7-
hydroxycoumarn concentrations from 10-7 to 6×10-6 M, which was used as the calibration curve for the 
concentration of HO  radicals as depicted in Fig. 1 It can be seen from the inserted figure that the 
fluorescence intensity at the wavelength of 470.4 nm linearly grew up with increasing 7-hydroxycoumarn 
concentration. 
 
Fig. 1. Calibration curve for 7-hydroxycoumarine concentration at fluorescence intensity of 470.4 nm. 
MB concentration was determined using 756PC UV/Vis spectrometer at wavelength of 664 nm 
according to the Lambert-Beer s law. Total organic carbon (TOC) was measured using TOC-VCPH 
analyzer (Shimazu, Japan). The H2O2 concentrations were determined through the addition of potassium 
iodide (KI) containing solution to form Iodine (I2) which in turn quench the fluorescence intensity of 
rhodamine 6G at 560.8 nm. The solution pH was measured with a digital pH meter (Syber Scan pH1500). 
Surface morphologies of CNTs were examined using scanning electron microscopy (SEM) (S4800, 
Hitach, Japan) and transmission electron microscope (TEM) (FEI Tecnai G2 20, USA) as shown in      
Fig. 2a X-ray diffraction (XRD) patterns were acquired using DX-3000 X-ray diffractometer (Shimadzu, 
Japan) with Cu K  monochromatic radiations, operated at 40 kV and 100mA, and result was presented in 
Fig. 2b where apparent peak at  26.31° suggests the intact framework of CNTs. 
The textural parameters were determined by Autosorb-1 (Quantachrome, USA), where the specific 
surface area (SBET) and total pore volume (Vtotal) were calculated from the adsorption-desorption 
isotherms of N2 at 77 Kelvin by multi-point BET method. The atomic oxygen content of CNTs was 
determined using X-ray photoelectron spectroscopy (XPS) analysis by surface analysis system 
(ESCALAB250, Thermo VG Company, USA). Zeta potentials of CNTs were measured with a Zetasizer 
Nano ZS90 (Malvern instruments Ltd., Malvern, UK) using laser-Doppler velocimetry technique. 
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Deionized water was used as the liquid phase for the determination of zeta potential where the CNTs were
first dispersed by ultrasound. The point where the zeta potential equals to zero is called the isoelectric
point (pHiep). These characterization results of CNTs are listed in Table 1.
(a) (b)
Fig. 2. Characterization of CNTs (a) SEM and TEM images, (b) XRD patterns.
Table 1. Physical and chemical properties of CNTs.
Material
Diameter 
(nm)
Length
( m)
SBET
(m2 g-1)
Vtotal
(cm3 g-1)
Oxygen
(at.%)
pHiep
(-)
60-100 5-15 646.6 0.345 2.85 4.3
3 Results and Discussion
3.1 Ozonation
3.1.1. Kinetics study
Fig. 3 illustrates the declorization of MB corresponding to solution pH in a wide range from 3 to 11
during ozonation. The decolorization rate enhanced with increasing pH, and this trend exhibited to be
more significant in acidic conditions. Increment of pH means the concentration of hydroxyl anions (OH-)
that has been concluded as an effective initiator [9] for decomposition of dissolved ozone, leading to an
eventual yielding of highly-oxidative hydroxyl radical (HO ) populations. Positive effects of pH elevation
on ozonation have been indicated in some previous studies either by water quality monitoring [10] or 
calculating dissolved ozone consumption [13]. In this work, the impact of solution basicity on ozone-
based advanced oxidation was also confirmed by direct detection of HO being the key oxidant. Fig. 4
shows concentration profile of HO as a function of pH. Very slight amount of HO less than 0.64×10-7 M
was detected at pH 3, whereas at higher solution pH especially basic environments (e.g. at pH 11), the
HO species proliferated as expected up to 25.7×10-7 M. The decolorization of MB therefore can be
attributed to both the direct ozone attack and the oxidation of HO radicals, and the HO exhibited much 
more effectiveness to the breakage of MB molecules than the nucleophilic attack of molecular ozone.
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Fig. 3. Decolorization kinetics of MB during ozonation                     Fig. 4. Concentration variation of hydroxyl radicals 
at different pH .                                                                                    (HO ) as a function of time. 
As shown by the inset of Fig. 3, the decolorization process agreed with pseudo-first-order reaction 
kinetics implying a steady state  or over-dosed  property of ozone concentration. Soares et al. [17] 
documented a negative pH effect (up to 11) on color removal opposite to the pH effect observed in this 
work, which could be explained by the fact that chromophore groups of reactive dyes taken as model 
compound are much easier to be destructed by molecular ozone attack which was largely impaired at 
higher pH resulting in significant conversion of ozone molecules into HO  radicals. Lackey et al. [18] 
reported that the reaction rate constant gradually decreased with time, and they attributed this 
phenomenon to the enhanced demand for dissolved ozone as the contaminant concentration decreased 
from 100 to 1 mg L-1. In addition, the concentration of dissolved ozone during ozonation process depends 
on the gas-liquid interfacial driven force that is primarily controlled by the inlet gaseous ozone 
concentration. In this work, the inlet ozone was generated using pure oxygen as supply and controlled at 1 
L min-1, while air was employed by Lackey et al. [18] at flow rate of 3.78 L min-1. The dissolved ozone 
concentration in this study, as a result, can be maintained in a relatively steady state during ozonation 
process even at basic conditions as reflected by pseudo-first-order kinetics in Fig. 3, guaranteeing the 
adequate supply for both the molecular ozonation and radical-induced oxidation pathway. Therefore, the 
interfacial mass transfer should be taken into consideration for the evaluation of reaction kinetics, which 
is believed to be especially important for gas-liquid biphasic or multiphase flow systems. 
3.1.2. Pathway analysis 
It is apparent during ozonation process that the hydroxyl radical pathway gradually took the initiative 
as pH increased, and this route is also favorable for further degradation or remediation of wastewater 
systems. Thus quantitative description for the influence of pH on reaction pathways is thought to be 
important for ozonation process control. Assuming the pseudo steady-state conditions of hydroxyl 
radicals, the radical concentration can be estimated by Benitez [19] and Beltran [20] following equation 
(1), 
                                                  
HO
HOOL3
k
k
]C[
]OH[]O[3]HO[                                                                  (1) 
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                                                    23 OHOOOHO                                                                    (2) 
 
where HO  and OH- represent concentration of hydroxyl radicals and hydroxyl anions, respectively. [O3]L 
is the dissolved ozone concentration and [C] is the concentration of target compound, kHO  is the second-
order rate constants of HO  reaction pathway. kHOO  is the kinetic rate constant for the formation of free 
radical HOO  from ozone molecule decomposition in the initial phase at given pH as shown in equation 
(2). As pH increased, more hydroxyl radicals will be generated by ozone decomposition as a result of 
greater abundance of hydroxide ions. Substitute equation (1) into equation (3) yields equation (4), 
                                                        ]HO][C[k]O][C[k
dt
]C[d
HOL3O3
                                            (3) 
                                              
L3HOOL3O ]O][OH[k3]O][C[kdt
]C[d
3
                                          (4) 
Considering that the kinetics of ozonation conformed pseudo-first-order reaction and [O3]L is 
maintained at a constant level as excessive  or over-dosed , the terms kO3[O3]L and 3kHOO [O3]L in 
equation (4) can be thereby assumed to be constant. Equation (4) can be written as equation (5), where k 
denotes the pseudo-first-order rate constant. 
]OH[]C[]C[k                                                          (5) 
Hence theoretically, contributive ratio of molecular ozone to radical ( ) can be computed using 
multiple linear regression analysis. The initial rate -d[C0]/dt=k[C0]  was used for this pathway 
evaluation. The data calculated are exhibited in Fig. 5. 
 
 
Fig. 5. Evolution of contributive ratio ( ) of molecular ozone to radical as well as yielding rate of HO  as a function of solution pH. 
The molecular ozone contribution as shown in Fig. 5 dominate decolorization process at lower pH 
value, whereas it sharply dropped down at neutral or basic environments, which demonstrated that the 
contribution of hydroxyl radicals consuming a fraction of ozone increased significantly with increasing 
pH. And the reaction intensity of these two routes became even comparable ( 14.1 ) once the pH 
reached up to 11. The superficial generation rate of HO  for the first 24min period was shown in Fig. 5, 
which may help to better understand the pH effect. It can be seen that, as expected, the rate of 57.69×10-7 
M s-1 was determined at pH 11 about 70 times amount as that obtained at pH 3 (0.84×10-7 M s-1), which 
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associated with an enhanced intervention of HO  oxidant at basic environments as has been discussed. It 
should note that the coefficient  is not an absolute constant and will become a variable if 
experimental conditions changed, including mainly the selection of target contaminant, ozone gas-liquid 
mass transfer or maybe environmental temperature. 
3.2 Carbon-assisted ozonation 
To study the pH effect on the role of CNTs during ozonation, a comparative test was conducted 
involving plain ozonation and the CNTs assisted ozonation. A relative fast decolorization of MB can be 
accomplished by ozone (Fig. 3) whatever the pH, whereas the oxidative removal of TOC was extremely 
difficult for plain ozone reading Fig. 6. Actually, the task of mineralization should be assigned to 
hydroxyl radicals (HO ) as suggested by Beltrán et al. [5], since molecular ozone oxidation do not react, 
or react very slowly, with saturated intermediates. In the presence of CNTs, the generation of HO  was 
enhanced, and the extent to this enhancement was much more remarkable at higher pH value. With 
increasing pH consequently, the TOC abatement was accelerated for ozone/CNTs system compared to 
plain ozone. It has been documented that activated carbon, owing the same chemical composition as 
CNTs, can play a catalytic role for ozonation. Faria et al. [21] suggested that oxygen-containing active 
species could be formed on the surface of activated carbon during ozonation and they might contribute to 
the removal of aromatic compounds. But it is unlikely to be the case of CNTs with much higher chemical 
stability due to its special carbon-configuration, since Liu et al. [22] noticed no more than 5% increment 
of surface oxygen even after 120 min ozone treatment. Another route having been assumed is the 
interaction between ozone and carbon surface generating additional HO  [23], which was apparently not 
the main way CNTs works since the hydroxyl radical data (Fig. 6) differed very much as the pH changed. 
Although various possibilities using activated carbon during ozonation to generate additional HO  has 
been mentioned, the effect of solution pH as a prime important factor should be taken into consideration 
for process evaluation. 
 
 
(a) (b)
 
Fig. 6. Evolution of TOC during ozonation and carbon-assisted ozonation at (a) pH 3 (b) pH 11 (Inserted figure: concentration 
profile of hydroxyl radical vs. reaction time). 
Here we investigated during ozonation the role of CNTs as carbon material which was commonly 
regarded as solid support for some catalytic oxidations [24]. Hydrogen peroxide (H2O2) is the common 
product either from ozone decomposition [25] or may be from ozone direct reactions with aromatic 
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compounds [26]. Besides the bulk H2O2 as a result of ozone decomposition, the formation of H2O2 
through surface ozone reaction with activated carbon was also possible [27]. The H2O2 product was 
thought to have strong affinity toward carbon surface since activated carbon has been proposed to be an 
effective initiator for H2O2-involved reactions [27]. This interaction tendency could be described by 
Reaction (6). 
HHO-CNTsOH-CNTsOHCNTs 22222                                       (6) 
In acidic conditions in lack of hydroxyl anions, the tendency of deprotonation according to Reaction (6) 
would be largely restrained and consequently the bonded CNTs-H2O2 groups are considered to be relative 
stable. The concentration of H2O2 during experimental period was exhibited in Fig. 7. The H2O2 species 
were quickly formed and concentrated in the first two minutes. There was no big change at pH 3 in the 
case of ozone or ozone/CNTs due to the small quantity of CNTs as well as the sufficient ozone supply. 
Basic environment provides big amount of hydroxyl anions, which favors the decomposition of dissolved 
ozone molecules toward the formation of HO  and H2O2, and the formed H2O2 is meanwhile readily to 
bond with CNTs as have been discussed. However, H2O2 species is very unstable at basic solution and 
will quickly convert to hydroperoxide ions (HO2-) as can be indicated in Reaction (6). Comparing 
ozone/CNTs to plain ozone with respect to the production of HO  in Fig. 6, it aroused the assumption that, 
the HO2- localized on the surface of CNTs were the major species to improve ozone transformation into 
HO  radicals. The role of HO2- on ozone decomposition has also been indicated by Alvárez et al. [27]. 
The possible working way of CNTs during ozonation may be described in Reaction (7). Then the formed 
superoxide anions ( O2-) acting as an effective promoter  would vigorously react with ozone molecules 
to generate additional HO  species following Reaction (8) and (9) referring to Staehelin and Hoigné [9]. 
 
 
Fig. 7. Evolution of hydrogen peroxide (H2O2) concentration during ozonation and carbon-assisted ozonation. 
2223 OOCNTsHOHO-CNTsO                                               (7) 
2323 OOOO                                                                                    (8) 
223 OOHHOOHO                                                                    (9) 
As a result of these chain reactions, the transformation of dissolved ozone into HO  products could be 
largely accelerated in the presence of CNTs. This potential positive effect depending much on the 
solution pH has been experimentally verified as illustrated in the inset of Fig. 6a and Fig. 6b. The 
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concentration of H2O2 during ozonation at pH 11 was lower than that at pH 3 (see Fig. 7), because the 
generation of H2O2 was thought to be counteracted by its fast depletion. In the presence of CNTs at pH 11, 
there was a sharp decrement of H2O2 concentration implying its considerable consumption in the liquid 
bulk, which accorded well with the H2O2-consumptive chain reactions assumed following Reaction (7)-
(9). In general, carbon material (CNTs in this study), performing as a sort of catalyst, could accelerate the 
production of HO  and in turn the system mineralization for ozonation, and this effectiveness could be 
especially taken into account at basic solution pH. Opposite trend on the pH effect using activated carbon 
has also been reported [21] which was reflected by the removal of carboxylic acids. This conclusion 
difference from our work may be interpreted by carbon purity, surface stability as well as the chemical 
nature of target compounds. 
4. Conclusions 
Bubbling induced ozonation is a promising strategy for wastewater remediation. In this study, we 
focused on the effect of solution pH on ozonation taking methylene blue as model compound, which is 
believed to be a prime important factor the process control. Decolorization kinetics accorded well with 
pseudo-first-order patterns and rate constant increased with increasing pH, which was, as discussed, 
mainly influenced by ozone gas-liquid mass transfer and chemical nature of target compound. 
Contributions of reaction induced by molecular ozone and hydroxyl radicals (HO ) were evaluated 
quantitatively, and results accords well with experimental observations in terms of pH effect, including 
decolorization and evolution of HO  concentration. 
In the carbon-assisted ozonation tests, we introduced carbon nanotubes (CNTs) as carbon material for 
their high purity and chemical stability. Appreciable improvement was obtained in the case of 
ozone/CNTs for the yielding of HO  as well as system mineralization, and this promotive effect of carbon 
substantially increased as pH elevated from 3 to 11. This phenomenon was attributed to the active 
intermediate H2O2 attached to the surface of carbon, which is extremely unstable at basic pH 
environments and in turn convert to HO2- species that accelerates eventually the decomposition of ozone 
molecules into HO  radicals. Consequently, CNTs performed to the ozone catalyst as pH increased. 
It should be mentioned for kinetic studies on multiphase ozonation that, the interfacial mass transfer is 
an important operating factor since, for given reaction systems, it decides the counterbalance state of 
solution containing ozone which undergo simultaneous gas-liquid penetration and chemical consumption. 
The reaction kinetics profile, as a result, can possibly be altered by ozone gas-liquid mass transfer 
including interaction sites (Hatta number), reaction order as well as degradation of target contaminant. 
Further work is needed to study collectively the mass transfer behavior and solution chemistry. 
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